ONE-DIMENSIONAL PROTEIN ASSEMBLIES
The information for forming many of the larger assemblies of macromolecules in cells is contained in the subunits themselves, as under appropriate conditions the isolated subunits can spontaneously assemble into the final structure. The first large macromolecular aggregate found to self-assemble from its component parts was tobacco mosaic virus (TMV) (15) . TMV consists of a cylinder of ca. 2,200 coat protein subunits arranged around a helical RNA core of ca. 6,600 nt. The helical path of TMV RNA is imposed by the arrangement of the subunits themselves, which can be viewed as a one-dimensional assembly of a single subunit. One-dimensional assemblies form when the subunits contain a binding site which is complementary to a region of its own surface which does not include the binding site itself ( Fig. 1) (1) . Under certain special orientations of the two binding sites, the chain will run into itself and form a closed ring of subunits, as is found for purified vesicular stomatitis virus (VSV) N protein (2) . More commonly an extended polymer of subunits will result, and provided that each of the subunits is bound to its neighbor in an identical way, the subunits in the polymer will be arranged in a helix that can be extended indefinitely. These structures are also found independently of RNA, e.g., the helical actin filament is composed only of actin. However, when they are associated with RNAs, the length of the assembly is determined by that of the RNA. For TMV, e.g., each coat protein subunit is associated with precisely 3 nt. For many paramyxovirus nucleocapsids, each N protein subunit is predicted to be associated with precisely 6 nt.
PARAMYXOVIRUS NUCLEOCAPSIDS
Paramyxoviruses are enveloped animal viruses with nonsegmented negative-strand RNA genomes which are found almost exclusively in nucleocapsid structures. In contrast to the plusstrand TMV RNA genome which disassembles to function as mRNA and as a template for genome amplification, mononegavirus nucleocapsids never disassemble as far as we know; all RNA synthesis occurs here without reversing the structure of the N-RNA template. Transcriptionally active Sendai virus (SeV) nucleocapsids also contain ca. 50 L and 300 P proteins, which together form the viral polymerase. The P protein is found as a homotrimer (9) , both together with the catalytic L subunit and independently of L. Both P complexes (P 3 -L and P 3 ) together with the N-RNA template are required for reconstituting mRNA synthesis in cell-free extracts (9, 10, 16, 20) .
Paramyxovirus nucleocapsids are seen in remarkable detail in negatively stained electron micrographs, in which they appear as regular left-handed helical coils of ca. 200 Å in diameter with a central hole of ca. 50 Å, ca. 1 m in length, and with a pitch of ca. 60 Å. For SeV and VSV, nucleocapsids composed only of their N-RNA have also been examined and they are indistinguishable from holonucleocapsids containing P and L. That these structures were one-dimensional assemblies was evident from their characteristic herringbone or chevronshaped appearance (when viewed perpendicularly to the helix axis) in the earliest negatively stained electron micrographs (14) . In 1989, by analyzing electronically straightened images of negatively stained SeV nucleocapsids, Egelman et al. (11) found that they existed in discrete pitch states. More importantly, by reconstructing images of these nucleocapsids, they also concluded that each N subunit was associated with an integral number of nucleotides and predicted this to be 6 nt. Little attention was paid to this number then; in part because the VSV N protein was estimated to be associated with 9 nt (35) .
Whereas nonenveloped RNA viruses such as TMV are tightly packed rigid rods designed for maximum protection of the RNA, mononegavirus nucleocapsids are generally more flexible and open structures, as befits their function in RNA synthesis. The RNA within the nucleocapsid is, however, insensitive to RNase attack at any salt concentration (19) . Although the nucleocapsids can be very flexible when viewed in the electron microscope, they must be very stable as the assembly survives the high salt conditions of CsCl density gradient centrifugation, at which they band at ca. 1.3 g/ml (or 2.5 M CsCl). This stability suggests that hydrophobic forces are important in maintaining the N-N and N-RNA interactions, and consistent with this, the N protein can be separated from the RNA only with the aid of ionic detergents like sodium dodecyl sulfate or 3 M guanidine-HCl. If hydrophobic forces are important in maintaining the interactions between N and the highly charged RNA, the RNA would seem to be intimately associated with the N subunits. It is then unclear how this RNA within the assembly can act as a template for RNA synthesis, and two suggestions have been made in this regard. (i) Structural transitions in the assembly bring the RNA to the surface for the polymerase (11) , and (ii) the N subunits might be displaced locally from the RNA by the action of the viral polymerase, much like the separation of the two strands of DNA which occurs in the template during DNA-directed RNA synthesis (23) .
THE UNEXPECTED REQUIREMENT OF HEXAMER GENOME LENGTH FOR PARAMYXOVIRUSES: THE RULE OF SIX
Paramyxovirus genomes were first expressed from DNA as artificial defective interfering (DI) genomes in which the entire protein coding region of the nondefective genome was replaced with a chloramphenicol acetyltransferase (CAT) reporter gene (pSV-CAT) (25) . Minus-strand T7 RNA polymerase transcripts of these DNAs were transfected into cells infected with helper virus, and CAT activity could be found both in these cells and in those infected with the progeny viruses. Although not all the constructs prepared by Park et al. were active (22a), there appeared to be no special requirements for the construction of active replicons, beyond that they contain the ends of the genome needed for replication and mRNA synthesis. The replication of pSV-CAT was, however, very limited; only the CAT activity could be detected, whereas genomes or mRNAs were below the level of detection. The next paramyxovirus genome expressed from DNA was that of an SeV DI RNA (H4) generated upon repeated passage in eggs, which was known to strongly interfere with the nondefective genome in cell culture infections and to accumulate to high levels (3). An exact copy of this RNA was then transcribed from cDNA in a transfection/infection assay, and it was indeed found to replicate to levels similar to those of natural infections (4). However, internal deletions of the H4 RNA, including those which removed only a few nucleotides, failed to replicate to a detectable level, for no apparent reason.
While puzzling over these unexpected results, we were visited by Tatsuo Shioda (University of Tokyo), who had become convinced that hexamer length was important for paramyxovirus RNA replication based on his extensive sequencing of the SeV and bovine parainfluenzavirus type 3 (bPIV3) genomes. This conviction was more intuitive than anything else, but as DI H4 was indeed of hexamer length (1,410 or 235 ϫ 6 nt) and since internal deletions in the H4 clone routinely led to inactive constructs, P. Calain and L. Roux decided to examine Shioda's intuition. Using five unique restriction sites in the H4 DNA, 17 derivatives were generated which produced RNAs of 6nϩ0, 6nϩ1, 6nϩ2, etc. Of the 17 derivatives, 5 replicated at high efficiency; their Northern blot signals were ca. 100-fold higher than those of the remaining 12. These five were 1,410 and 1,416 nt long, both hexamer lengths. The 12 nonreplicating RNAs, on the other hand, included every possibility but 6nϩ0. Since (i) each N subunit was predicted to be associated with precisely 6 nt, (ii) nucleocapsid assembly (at least for VSV) occurred from the very 5Ј end of the nascent RNA chain (2), and (iii) assembly of the nonhexamer-length T7 transcripts in the transfected cells also appeared to be taking place, Calain and Roux (4) proposed that the 3Ј ends of the nucleocapsid RNAs were efficient templates for replication only when they were precisely covered with N subunits. Having one more or one less nucleotide anywhere in the chain would result in the 3Ј end of the template not being precisely covered by the subunits (Fig. 2) .
In further support for this thesis, replication of the internal deletion DI RNAs generated in cell culture, and that of pSV-CAT itself, was found to depend on their being of hexamer length (13, 17) . This rule of six appears to apply to morbilliviruses as well, because measles virus minireplicons expressing CAT genes do not replicate well unless they are of hexamer length (33) and infectious measles virus was not recovered from DNA until its genome was also of hexamer length (29) . Furthermore, three measles virus DI RNAs were characterized in cell culture-grown virus and were found to be of hexamer length (12) , as well as most copyback DI RNAs cloned from human (subacute sclerosing panencephalitis) brains (32) . Direct biochemical evidence that N protein binds 6 nt, however, is lacking.
THE DOMINANT ROLE OF THE RULE OF SIX FOR SEV GENOME REPLICATION
Paramyxovirus genomes contain inverted terminal repeats of 12 nt specific to each genera, hence the 5Ј-and 3Ј-terminal 12 nt of the genome and antigenome of each virus are identical. These duodecamers are undoubtedly important cis-acting determinants for genome replication, and they would be precisely covered by the terminal two N subunits in hexamer-length genomes (Fig. 2) . The rule of six implies that the viral polymerase is interacting with the template bases for RNA synthesis in the context of the N subunits, since it is difficult to imagine how such a rule could operate if the N subunit were completely displaced from the template RNA for the polymerase to interact with the bases. Genome replication would then begin opposite the first base of the first subunit, at genome map coordinate 1, or nt 1 (Fig. 2 ). The 15,384-nt-long SeV genome sequence can be represented as a linear array of 2,564 hexamers, and we were interested in the relationship of the internal cis-acting sequences important for mRNA synthesis. Was their position relative to the phase created by the N subunits conserved, and was this important?
The start site of the first mRNA is strictly conserved at nt 56 in the Paramyxovirinae (Table 1) , so the N mRNAs would initiate opposite the 2nd base of the 10th N protein for all these viruses. To examine the effect changing the position of the N mRNA start site would have on the efficiency of its synthesis, a natural internal deletion SeV DI (E307) which expresses a single N/L fusion mRNA (13) was modified to contain unique BglII (at nt 47) and NsiI sites (at nt 67) at either side of the leader/N junction. E307A, which contained these four-base substitutions replicated normally in transfected cells (in the absence of C protein coexpression, see below), i.e., it was amplified to the same levels as E307, the wild-type (wt) control. Six nucleotides were then inserted at either nt 47 or nt 67, and these inserted E307 genomes also accumulated to wt levels in transfected cells. mRNA synthesis from the inserted templates was examined in cell extracts, and mRNA was found to be made as efficiently as from wt DI genomes. For the ϩ6@nt47 construct, this mRNA synthesis could also be shown to have started opposite the 2nd base of the 11th subunit (at nt 62), so the start site can be moved to the same subunit position of the next subunit without much effect. Two nucleotides were then added at nt 47, and two were removed at nt 67. E307A ϩ2/Ϫ2 also replicated normally and made normal amounts of mRNA by initiating opposite the 4th base of the 10th subunit (at nt 58). The conserved N mRNA start site can then also be moved within the subunit without much effect, at least as measured in this cell-free system (27) .
The above experiments were carried out to determine whether the subunit phase of the TAGGGT 60 mRNA start site (initiating A residue is bold) was important for mRNA synthesis. No evidence was provided for this, but evidence was found for a sequence between nt 47 and 67 whose N subunit phase was clearly important for genome replication, albeit in a conditional fashion, as follows. Several of the constructs variously modified at nt 47 and 67 simply did not replicate, even though they could be shown to be of hexamer length. For example, whereas E307A ϩ2/Ϫ2 replicated normally, we were unable to prepare active E307A
. This did not make sense, as E307A 0/ϩ6 replicated normally and so insertions at nt 67 were tolerated. When the entire insertion series (ϩ0/ϩ6, ϩ1/ϩ5, . . . ϩ5/ϩ1, ϩ6/ϩ0) was examined, the reasons for this became clearer (Fig. 3) . Mutations which alter the subunit phase between nt 47 and 67 alone are well tolerated, and those which introduce 6 nt at either site without altering the subunit phase in between are well tolerated, but the simultaneous introduction of 6 nt and the altering of the subunit phase are not. A possible explanation for this "synthetic lethality" is that the genomic replication promoter has been found by mutational analysis to be composed of at least two elements; the first half of the leader sequence (nt 1 to 30) and part of the 5Ј untranslated region of the N gene previously identified as the BB box (nt 79 to 96 for SeV) (34a). The existence of this downstream promoter element presumably accounts for why the insertion of 12 or 18 nt is not tolerated at sites where the insertion of 6 nt is well tolerated, i.e., the spacing of these two elements is important (27) . The above results suggest that the phase of the nt 47 to 67 sequence is a third element of the genomic replication promoter (Fig. 3) .
The manner in which this phase might operate is suggested by inspection of the sequence, which includes the leader/N junction. N mRNAs, for example, start opposite the 2nd base of the 10th subunit, within TAGGGT 60 (initiating A residue in bold) which is partially repeated in the 11th subunit as YARRGT 66 (Fig. 3 ). When 6 nt are inserted, replication remains wt as long as the tetrapurine run remains in the center of the subunit. Moving the ARRG one position in either direction results in a ca. 2-fold reduction in replication efficiency, but moving it by two, three, or four positions results in a Ͼ10-fold reduction, when the ARRGs would no longer be contained within single N subunits (Fig. 3) .
HEXAMER RULES FOR THE INITIATION OF mRNA SYNTHESIS?
Although we were unable to show that the phase of the N mRNA start site is important for mRNA synthesis in vitro, there is nevertheless remarkable circumstantial evidence that this is so. We have used the duodecamer TAGGGT 60 YAGGGT 66 (phase indicated by spacing) as an example of how subunit phase could operate as an element of the replication promoter, because this duodecamer is so strongly conserved at the paramyxovirus mRNA start sites ( Table 1 ). The subunit phase of this sequence must also be important, because this too has been conserved, but more variously, as detailed below.
The Paramyxovirinae are currently organized into three genera, the paramyxovirus genus (including SeV and parainfluenza virus types 1 and 3 [PIV1 and PIV3]), morbilliviruses (e.g., measles virus and the distemper viruses), and rubulaviruses (e.g., mumps virus and simian virus 5 [SV5]). The entire genome sequences of 11 of the Paramyxovirinae are now available, and 9 of these are in fact multiples of 6 nt long and have been analyzed for evidence of a hexamer phase. There is considerable conservation of the gene start and gene end sequences, and these are aligned in Table 1 around the intergenic regions, i.e., those nucleotides not present in mRNA. When the hexamer positions (or phases) of the initiating A residues of the various mRNAs are determined for each genus of the subfamily, these phases are clearly conserved. The strongest conservation is found among the paramyxoviruses SeV (2,564 ϫ 6 nt), bPIV3 (2,580 ϫ 6 nt), and human PIV3 (2,577 ϫ 6 nt), in which the initiating A residue of the successive N, P, M, F, HN, and L mRNAs of each virus is found at 
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hexamer positions 2, 1, 1, 1, 1, and 2, respectively. Here, for example, the ARRG of each of these 18 mRNA start sites is found within the same N subunit. Whether the initiating A is at hexamer position 1 or 2 also appears to matter, as the same position is strictly conserved for each particular cistron. Of the four morbilliviruses sequences available, measles virus (2,649 ϫ 6 nt), dolphin morbillivirus (2,617 ϫ 6 nt), and rinderpest virus (2,647 ϫ 6 nt) were multiples of 6 nt long (only canine distemper virus contained 15,685 nt, or 6nϩ1 nt). For these morbilliviruses, the subunit phase of the initiating ARRG was somewhat less well conserved, over three hexamer positions (2-4) rather than two for the paramyxoviruses: the second tetrapurine run AARG is often present as MARG, and the phases of each cistron are strictly conserved except for that of the F mRNAs (Table 1) . A remarkable degree of conservation is also found for the remaining rubulavirus genus, for which the start sites are also clustered over three subunit positions-6, 1, 2-the two tetrapurine runs are reduced to ARGH and HRRA, and the start sites of the individual cistrons are again clearly conserved. Two of the rubulaviruses (SV5 and mumps virus) contain a seventh (SH) gene between F and HN, yet in spite of this variability, the hexamer phases of the N, P, F, HN, and L start sites are strictly conserved. At the time of this sequence gazing, a reverse genetic system for rubulaviruses, in which to test the rule of six, was not available. However, the fact that three of the four rubulavirus sequences reported are of hexamer length (only PIV2 is 15,653 nt, or 6nϩ5 nt) and the hexamer positions of its individual mRNA start sites are conserved is evidence that this rule applies as well to the rubulaviruses. This latter conservation is of particular significance, because rubulavirus intergenic regions are quite variable in length (1 to 20 nt) and composition, rather than the conserved CTT of the two other genera. Because paramyxoviruses and morbilliviruses contain this almost invariant CTT, the hexamer phases of both the gene start and end sequences are conserved and this phase may well be important for both mRNA initiation and polyadenylation/termination for these viruses. For the rubulaviruses in which the gene start and gene end sequences are no longer separated by a fixed number of nucleotides, it is clear that the   FIG. 3 . cis-acting promoter sequences and the rule of six. The N-RNA nucleocapsid template is shown above as a helical assembly of N subunits, each containing 6-nt binding sites (dark ovals). The SeV sequence within the 9th, 10th, and 11th subunits, containing the N mRNA start site at nt 56, is shown below; the YARRGT repeats at nt 55 to 66 are highlighted in bold capitals. The effect of adding a total of 6 nt at nt 47 and 67 on the hexamer phase of these repeats is shown on the right, and their effect on the amplification activity of a DI genome in the absence of C protein expression (27) is shown on the left. The polymerase is postulated to recognize these ARRG repeats equally well when they are contained entirely within the 9th and 10th or 10th and 11th subunits, but these repeats are less well recognized when their phase relative to the N subunits is altered. Adapted from reference 27. 
The nucleotide sequences of the entire paramyxovirus genomes were obtained as follows: SeV, accession no. M30202; bPIV3, accession no. D84095; human PIV3, accession no. Z11575; measles virus, accession no. K01711; rinderpest virus, Tom Barrett, Pirbright, United Kingdom; dolphin morbillivirus and mumps virus, Bert Rima, Belfast, Northern Ireland; SV5, Reay Paterson and Bob Lamb, Evanston, Ill.; SV41, accession no. X64275; PIV2, Yasuhito Ito, Mie, Japan. The sequences provided by the various laboratories are considered to be most accurate to date and sometimes supersede previous information. The single-letter nucleotide codes used in the consensus sequences are as follows: R, purine; Y, pyrimidine; M (mino), A and C; K (keto), G and T; B, D, H, and V, anything but A, C, G, and U, respectively; W (weak), A and T.
b Numbers in bold indicate conservation within each genus. Table 1 is shown in Fig. 4 . There is an overall preference for starting mRNAs at hexamer positions 1 and 2, but almost any position (except position 5) is used. In summary, different genera prefer different hexamer phases for the initiation of each particular cistron and these phases are clustered for each genus.
PARAMYXOVIRUS P GENE mRNA EDITING
Most of the P genes of the Paramyxovirinae contain an A n G n purine run at the start of the internal, overlapping V open reading frame (ORF). mRNAs with expanded G runs are transcribed from these genes in addition to those which are faithful copies of their templates (5, 36) , and the number of G insertions which occur for each virus group mirrors their requirements to switch between the in-frame and out-of-frame ORFs (reviewed in reference 22). For the morbilliviruses and SeV, which require a ϩ1 frameshift to access the V ORF from the genome-encoded P ORF, a single G is added as the predominant insertional event. For the rubulaviruses which require a ϩ2 frameshift to access the remainder of the P ORF from the genome-encoded V ORF, two Gs are added at high frequency when insertions occur. For bPIV3, in which both V and another ORF (called D) overlap the middle of the genome-encoded P ORF, one to six Gs are added at roughly equal frequencies, so that mRNAs encoding all three overlapping ORFs are expressed.
When the hexamer phase of the start of the short G run expanded in mRNA editing (underlined in Table 2 ) is determined, it is clear that this position as well has been conserved according to virus group. The strongest conservation is found among the rubulaviruses, for which the start of the G run is found at hexamer position 3 in the four viruses for which we have this information, even though each site is at a different genome map coordinate. Similarly, the start of the G run is found at hexamer position 6 in the four morbilliviruses for which we have this information. Only in the paramyxovirus genus is the hexamer position of the start of the G run not strictly conserved, consistent with the fact that SeV and the two PIV3 viruses edit their P gene mRNAs quite differently. The hexamer phase of the A n G n run could also play a role in controlling the pattern of G insertions distinct to each virus group.
TMV AS A MODEL FOR PARAMYXOVIRUS N PROTEIN-RNA INTERACTIONS
TMV and SeV nucleocapsids are single-subunit assemblies of ca. 96% protein and 4% RNA by weight. Their structures appear similar in negatively stained electron micrographs, except that TMV is a rigid, compact rod, whereas paramyxovirus nucleocapsids are more flexible, open coils. TMV is rigid because the coat subunits interact not only laterally along the helical path of the RNA (i.e., perpendicular to the helix axis) but also axially, making contact with the subunits on either side of the ribbon that forms the coil. The final structure forms both a protective shell for the viral genome and one that can be translationally disassembled within the plant cytoplasm for this positive-stranded RNA genome to function. TMV is a somewhat curious model for paramyxovirus nucleocapsids, as these two structures are clearly designed for different biochemical functions. However, both are helical assemblies in which each subunit is associated with a precise number (three or six) of nucleotides, and the manner in which the coat protein subunits of TMV interact with the cis-acting sequences of its RNA is clearly of interest.
The structure of TMV, as well as the location of its RNA, is known at atomic resolution, and this detail has provided insight into the mechanism of its assembly and disassembly (24) . The RNA follows a path near the inside of the coat protein cylinder, within a groove formed by the axial coat protein-coat protein contacts of the stacked protein coils. The RNA makes contact only with the surfaces of the coat subunits, and the nucleotide binding sites are formed by the juxtaposition of opposite subunit surfaces of the stacked coils. The RNA in VSV nucleocapsids may also be present near the surfaces of their N subunits, as the Watson-Crick positions of their bases are accessible to the solvent (via chemical attack [1a, 21] ). TMV RNA structure is strongly influenced by its interaction with the protein, leading to unusual RNA conformations. The first and third base of each trinucleotide point in the same direction as the helix axis and stack with the third and first base, respectively, of the neighboring trinucleotides. The middle base of each trinucleotide points toward the outside of the cylinder. While any base can be accommodated at the three binding sites, when a G is present in the first position it can form two additional hydrogen bonds to the protein, and this makes the binding of G at this position particularly favorable. The additional stability of this base-specific interaction at the first (5Ј) binding site is thought to explain why (i) the site for the initiation of virus assembly is composed of single-stranded RNA with the trinucleotide GNN repeated six times (37) and (ii) why the 5Ј untranslated region of this capped mRNA is almost devoid of G residues, which could impede translational disassembly (38) . Although different TMV strains are not necessarily of trimer length, their origin of assembly sequence is almost always positioned such that the initiating (5Ј) G residue is found at the first nucleotide binding site (39) . The base-specific interactions of the TMV coat protein with its RNA provide a precedent for how cis-acting RNA sequences can be recognized during paramyxovirus nucleocapsid assembly. The additional stability of simultaneously occupying all six phosphodiester backbone binding sites would also help ensure that nucleocapsid assembly started at the first base of the nascent chain and continued in register. Base-specific interactions in the nucleocapsid might also play a role in viral RNA synthesis, especially if structural transitions in the N subunits occur during this process (11) . In this respect, we note that the strain-specific frequencies with which certain VSV and SeV polymerases read through the leader/N junction in virion reactions map to the N-RNA template rather than to the P-L polymerase (8, 28) . Moreover, revertants of the high readthrough VSV phenotype were found to arise by extragenic suppression and presumably map to the L protein (6) . Variations in the N protein sequences of these viruses can clearly affect the functioning of the viral polymerase at this particular junction, and in this respect, the N subunits are as much a part of the polymerase as the P and L proteins.
Although each base can be accommodated at each subunit binding site, additional interactions (via hydrogen bonds or stacking with aromatic side chains) of particular bases with particular sites might also be operating not only at junctions and other control regions but throughout the RNA chain. We have systematically examined whether there might be a preference for certain bases at each of the six hexamer positions throughout the entire sequence. However, we were able to detect only a trimer phase, which, as for TMV (39) , appeared to be due to that imposed by codon usage.
RULES MAY BE RULES, BUT. . .
The variable conservation of the hexamer phase of the mRNA start sites among the Paramyxovirinae and the fact that different clusters of phases are preferred in the different genera ( Table 1 ), suggest that the mRNA start site phase plays a role, but not a paramount one, in mRNA synthesis. This notion is also supported by experimental evidence. Schneider et al. (31) have prepared a recombinant measles virus in which 3 nt were inserted in the P gene mRNA editing site, and this was compensated for by the deletion of 3 nt at the last (H/L) junction. Even though the start site phases of the M, F, and H mRNAs were displaced by three hexamer positions downstream, this measles virus replicated normally in cell culture. The fact that the mRNA start site phase is more strongly conserved in the paramyxovirus genus than in the two others is of some interest, because there appears to be no rule at all for those viruses most closely related to this subfamily, namely, pneumoviruses like respiratory syncytial virus (RSV) (the other subfamily of the Paramyxoviridae) and rhabdoviruses such as VSV. Natural RSV genomes are in fact of hexamer length, but its infectious DNA clone contains one more nucleotide (7) and no evidence at all for the importance of hexamer length could be found using RSV CAT minireplicons (30) . Similarly, the precise length of VSV DI genomes does not appear to be important (26) .
All these mononegavirus genomes are found as helical assemblies of N and RNA whose structures appear roughly similar in electron microscopy, and it seems unlikely that they would have chosen very different mechanisms of RNA synthesis. Nevertheless, if the rule of six for the Paramyxovirinae implies that their template bases are seen in the context of the N subunits for RNA synthesis, the absence of an integer rule must mean that the bases of VSV and RSV genomes are deciphered independently of the N protein backbone. It is possible that the degree to which a particular virus is governed by an integer rule depends on the extent that its N subunits are displaced from the bases during RNA synthesis. We assume that in all cases the P-L polymerase interacts with both the N subunits and the bases simultaneously, but one can imagine that for VSV and RSV the distance between these two interaction sites is greater. In the cartoon of different viruses. However, the polymerase binding site on the pneumovirus N subunit is postulated to be much closer to the RNA template, hence the N subunits are separated from the template during RNA synthesis. If the separation is great enough, the spatial relationship of the RNA template to N subunits is determined only through the P-L polymerase complex and the N subunit phase is lost.
mRNA EDITING, GENOME LENGTH CORRECTION, AND THE RULE OF SIX
The above model for how an integer rule might apply to some viruses but not to others, of course, begs the question of why the N subunit phase is required for some but apparently not required for other viruses. The requirement for an N subunit phase correlates with whether these viruses edit their P gene mRNA, as paramyxoviruses, morbilliviruses, and rubulaviruses all edit their P gene mRNAs, whereas pneumoviruses and rhabdoviruses apparently do not. Paramyxovirus P gene mRNA editing occurs by the programmed expansion of a short G run within an A n G n polypurine run during mRNA synthesis. As these G insertions are not found in the viral genomes, it was simply assumed that stuttering did not occur during genome replication. We now know that this is not strictly so, and this may offer one explanation of why the N subunit phase is required for viruses which edit their mRNAs.
The lengths of all natural SeV genomes, which can vary by 20-fold in size, are in fact multiples of six. Changing their lengths to ones that are not multiples of six was found to result in very inefficient (50-to 100-fold less) genome amplification in transfected cells, especially when the overlapping C gene of P mRNA is expressed. However, when C protein expression is suppressed, nonhexamer-length DI genomes (especially those that contain 1 nt more or 1 nt less) replicate only 10-fold less well than hexamer-length genomes (reference 34 and unpublished data). Similar results have recently been reported for the rubulavirus SV5 (whose P gene does not contain an overlapping C protein ORF) (23a) and for human PIV3 DI analogs in a system in which C protein expression was suppressed (10a). It will be of interest to determine whether reexpression of the human PIV3 C protein increases the requirement for hexamer genome length for this paramyxovirus, as it does for SeV. In addition, if the SeV DI genomes also contain the P gene mRNA editing site (A 6 G 3 ), they replicate only two-to threefold less well than hexamer-length genomes in the absence of C (34). This was not because the rule of six did not apply; far from it. When minigenomes which are not of hexamer length are replicated in transfected cells under these conditions, genomes are generated in which nucleotides are inserted (or deleted) in the A 6 G 3 purine run, which readjust their length to multiples of six (18) , as schematized in Fig. 6 . Pseudotemplated transcription was found to occur at the same purine run used for G insertions during mRNA synthesis, when the viral polymerase is copying the genome template during antigenome synthesis. This process (termed genome length correction) was found to differ from the G insertions during mRNA synthesis in three important respects. (i) It can delete as well as insert purines (and A residues as well as Gs). (ii) It can be detected at a significant frequency only when the genome is not of hexamer length. (iii) Only the A 6 G 3 sequence itself is required, whereas the G insertions during mRNA synthesis require additional upstream sequences. Given that genomes which are precise multiples of six are preferentially replicated, this leads to a mechanism which corrects the genome length according to this rule.
All negative-strand virus RNA polymerases which polyadenylate their mRNAs are thought to do so by stuttering on a short run of template U residues (4 to 7 nt long), and it was this that first suggested that the G insertions would similarly occur by pseudotemplated transcription (5, 36) . However, while mRNA editing and polyadenylation are clearly related, they are also distinct. For example, DI H4 genomes which contain poly(A) (but not editing) sites are not corrected for hexamer length at this site, even in the absence of C protein expression in which significant replication occurs (34) . Polymerase stuttering during antigenome synthesis appears to occur exclusively in the A 6 G 3 purine run used for mRNA editing, as opposed to that (5Ј ANTAAGA 5 ) which is expanded in polyadenylation. The P gene editing site thus appears to have dual and complementary functions: to allow insertions during mRNA synthesis from hexamer-length templates and to allow insertions during antigenome synthesis from nonhexamerlength templates. It is unclear, however, whether this latter function is an important feature of the virus replicative cycle or one whose importance is exaggerated by the use of reverse genetics. Whereas Ͼ20% of antigenomes made from nonhexamerlength genomes contain insertions, there is no evidence that insertions occur during antigenome synthesis from hexamerlength genomes (reference 18 and unpublished data), but frequencies of Ͻ5% are difficult to detect by limited primer extension. Should G insertions occur during normal antigenome synthesis, it is unclear whether full-length genomes with one or two G insertions would be automatically eliminated from the population simply on the basis of their altered P gene product expression. Recombinant SeV, which edit their P gene mRNA like PIV3 and therefore express roughly equal levels of P, V, and W proteins, are easy to prepare and they are remarkably robust (unpublished data). The hexamer rule might then be required to maintain the length of the P gene purine run against the instability which occurs during genome replication by preventing the inserted antigenomes from being copied back into genomes and thus selectively removing them from the population (Fig. 6) . It is also possible that the additional requirement for certain viral polymerases to discriminate between the P gene editing site and other polypurine runs [like poly(A) sites], and to insert G residues by pseudotemplated transcription in a programmed virus-specific manner, was the driving force in enlisting the N subunit phase to help in this FIG. 6 . Paramyxovirus genome length correction. The viral RNAs are shown as horizontal lines; the filled symbols at the extremities indicate 3Ј ends. The direction of RNA synthesis is indicated by arrows. Unnatural nonhexamer-length genomes (e.g., 6nϩ5) can be introduced into cells via T7 RNA polymerase expression vectors. Although they replicate poorly, their constant production by the bacteriophage polymerase ensures that some antigenome synthesis occurs. Purine insertions take place during antigenome synthesis as well as during mRNA synthesis, and those which are now of hexamer length replicate more efficiently and accumulate, leading to correction of the genome length.
process. In either case, the proposed requirement for a given phase of the replication promoters relative to N subunits for efficient initiation would then have coevolved with the ability of these polymerases to edit their mRNAs.
